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We have performed high-resolution phase-contrast tomography on whole mice with a laboratory setup. Enabled by a high-brilliance liquid-metal-jet source, we show the feasibility of propagation-based phase contrast in local tomography even in the presence of strongly absorbing surrounding tissue as it is the case in small animal imaging of the lung. We demonstrate the technique by reconstructions of the mouse lung for two different fields of view, covering the whole organ, and a zoom to the local finer structure of terminal airways and alveoli. With a resolution of a few micrometers and the wide availability of the technique, studies of larger biological samples at the cellular level become possible. C Tomographic x-ray imaging is a powerful technique to image interior structures in otherwise opaque specimen. Small-animal imaging by computed tomography is an indispensable tool for biomedical research, achieving a resolution down to a few micrometers with state-of-the-art scanners. However, as the technique is based on the weak absorption interaction of x-rays with matter, contrast vanishes for weakly absorbing tissues, in particular at small scales. Hence, many relevant small structural details remain elusive. The lung presents a perfect example for an important tissue structure, which cannot be visualized in the whole animal at cellular resolution. To circumvent this limitation, x-ray phase contrast was introduced two decades ago using highly brilliant synchrotron sources. [1] [2] [3] In the complex index of refraction, which for hard x-rays is conventionally written as n = 1 − δ + i β, the decrement δ is up to three orders of magnitude larger than the extinction coefficient β. Hence, relative changes ∆δ and ∆ β to the surrounding material, resulting in phase and absorption contrast, respectively, are also much larger. Therefore, contrast and resolution for soft tissue can potentially be strongly improved by turning to phase-contrast tomography.
A widely used technique to achieve phase contrast in biomedical imaging is based on the Talbot and Talbot-Lau effects, using a set of diffraction gratings to extract the gradient of the phase in the sample's exit plane. 4, 5 Importantly, grating interferometry can be implemented at low-brilliance sources that are readily available in the laboratory. [6] [7] [8] Notwithstanding its uncontested merits for large specimen, this technique, however, is limited in resolution by the grating period, a precise alignment of the gratings, and requires relatively high monochromaticity. 9 Moreover, the increased dose due to finite diffraction efficiencies, scanning of gratings, and absorption in the analyzer grating may pose a challenge for radiation sensitive applications. Contrarily, (lensless) techniques without optical elements between object and detector such as propagation-based phase contrast are intrinsically more dose efficient. 10, 11 In addition, propagation-based phase contrast is compatible with a much lower degree of partial coherence. 12 The invention of high-brilliance micro-focus sources, which are based on a liquid-metal anode instead of a solid target, has now paved the way to enable phase-contrast imaging in the laboratory. [13] [14] [15] The lung structure is an excellent example of how the 3D structure is related to biological function. Therefore, its 3D imaging is an important application of tomography and recent technological developements have enabled lung studies of small animals by employing grating-based contrast mechanisms. 16, 17 However, high-resolution studies have so far been limited to excised and / or dried lungs 18, 19 that are far from in vivo conditions. In this work we have used propagation-based phase-contrast tomography to image the in situ 3D structure of mouse lungs in whole animals. Two-dimensional phase-contrast imaging on whole mice was recently enabled by employing liquid-metal-jet x-ray sources. 20 Here, we extend this technique towards phase-contrast tomography and we show that phaseretrieval is necessary to obtain meaningful reconstruction values, which can be used for automated analysis and rendering. Enabled by the unprecedented data quality, local tomography is sucessfully demonstrated for a small region of interest (ROI), exhibiting the potential of in-line holographic phaseretrieval for small-animal imaging at a (half-period) resolution of about 5 µm.
For propagation-based phase-contrast imaging in paraxial approximation, the Fresnel number
, with a typical lateral dimension a, the wavelength λ and the effective propagation distance z eff = z 01 · (z 02 − z 01 )/z 02 controls the image formation. 21, 22 Especially for F ≈ 1, images are in the direct-contrast regime, showing pronounced edge enhancement, which can be described, e.g., by the Transport of Intensity equation (TIE). 23, 24 Assuming a single material and short propagation distances, this equation can be solved for the object phase-distribution φ(r ⊥ , 0) using pseudo differential operators
with the normalized phase-contrast image I(r ⊥ , ∆z)/I 0 , the dimensionless spatial frequencies k 0 ⊥ of the lateral Fourier transform F ⊥ , the ratio κ = δ/ β of decrement and extinction coefficient of the refractive index, and the Fresnel number F 1 for a lateral size a corresponding to one pixel. In practice, the ratio κ is chosen based on visual inspection. A second phase-retrieval approach used in this work, known as Bronnikov Aided Correction (BAC), is based on reconstructing an approximate phase distribution φ † similar to Eq. (1) and to subsequently obtain corrected images by
where physical parameters have been replaced by the visually inspected parameter γ and ∇ 2 ⊥ denotes the 2D Laplacian. Tomographic reconstructions were performed using a cone-beam reconstruction algorithm (Bronnikov Algorithms, The Netherlands) and local tomography data is smoothly extended by replicating boundary pixel values to avoid artifacts from interior tomography.
Whole mice were prepared following the protocol for ex vivo experiments described earlier. 27 Wild type mice were sacrificed using an isoflurane overdose and the collapsing lung was inflated with air, using a constant pressure of 30 cm water column. The trachea was subsequently tied up and the mice were embedded in a tube with 1% agarose gel, mounted on a holder, as shown in Fig. 1(a) . Tomographic scans were recorded using a self-built cone-beam tomography instrument equipped with a liquid-metal x-ray source (JXS D2, Excillum, Sweden), 28 operated at 70 kV acceleration voltage. Due to the liquid state of the anode material in the jet and its continuous replenishment, the power density of the focused electron spot has been increased by a factor of 10 with respect to conventional microfocus x-ray sources. 28 The source is operated with Galinstan, an alloy being liquid at room temperature, in which characteristic K α radiation is generated at 9.25 keV (Ga), 24.2 keV (In), and 25.3 keV (Sn), superimposed on the bremsstrahlung spectrum. The Ga line dominates based on the composition of the alloy, but is too low in photon energy for experiments performed on whole mice. Previous approaches had the goal of using a different alloy, which however has to be preheated to be in the molten state. 20 Here, we used optimized spectral filters (see Table I ) to single out the high-energy lines of the conventional alloy. Specimen were mounted on a fully motorized sample tower with adjustable rotation axis. By choosing the source-to-rotation axis and the detector distance, different magnifications can easily be achieved due to the cone-beam geometry of the experimental setup, depicted in Fig. 1(b) . Tomographic projection data was acquired using a photon-counting detector based on the Timepix chip (XIE, Germany) with a pixel size of 55 µm and an indirect x-ray camera (sCMOS with 15 µm gadox, Photonic Science, UK) with 6.5 µm pixel size (resampled to 13 µm). Figure 1 shows typical projections of a mouse recorded in a setting with large field of view (large-FOV) (c) and at larger magnification (d), obtained by moving the detector farther away (zoom-move setting). The dashed area in (c) indicates the region that is recorded at higher resolution. Due to the smaller Fresnel number F 1 , phase-contrast effects can be observed especially for fine lung structures in the zoom setting. Alternatively, phase-contrast projections can be obtained by employing a high-resolution detector, which results in even smaller Fresnel numbers, again enabling phase-contrast measurements. This setting will be denoted as zoom-detector. Tomographic measurements were carried out in the three different experimental settings, with parameters detailed in Table I . Figure 2 shows reconstructed orthoslices of the high-resolution measurements of the lung for the zoom-move setting, shown in (a) and (b), and for the zoom-detector setting in (c) and (d). In both cases the left column (a,c) shows the tomographic reconstruction without any phase-retrieval algorithm applied. Typical edge-enhancement effects can be observed at the boundary between air and soft tissue, clearly indicating the presence of phase contrast. Although anatomical structures can be identified by eye, the profile function shown in Fig. 2 (e) (taken along the red line in Fig. 2(a) ) shows barely any differences between the different materials (e.g. between air and soft tissue). Phase retrieval was performed using the Paganin method (Eq. (1)) and the BAC algorithm (Eq. (2)) for the reconstruction in Fig. 2(b) and 2(d) , respectively, yielding quantitative density maps, in which darker values correspond to a higher electron density. The values along the same profile as before that are plotted in Fig. 2(f) now show significantly different density levels, which can be used to distinguish water, fat and air. This enables automatic density-based segmentation and 3D rendering of the reconstructed volume. Measurements of a test pattern (RT RC-02B, JIMA, Japan) reveal a half-period resolution of 2 × 3 µm 2 (h × v) in a similar geometry with effective pixel sizes chosen small enough. However, if very small structures in the zoom-move reconstruction are regarded, doubling and blurring of fine structures are observed, which we attribute to motion artifacts. Contrarily, the resolution of the reconstruction in Fig. 2(c) and 2(d) is only limited by the pixel size as confirmed by calculations of the Fourier-shell correlation (FSC). Further, the line scan over a boundary between air and water reveals an edge spread function with 9.8 µm full width at half maximum (FWHM) and alveoli with approximately 20 µm diameter can be found, which confirms the high resolution. We attribute this absence of motion artifacts to the additional filter that was used in this scan. Not only the overall dose was significantly reduced, but in particular the combination of the Ag and Ni filters removes a residual low-energy peak in the x-ray spectrum, as illustrated in the supplementary material. 29 Interestingly, the application of the BAC algorithm resulted in streak artifacts in the zoom-move dataset so that instead the Paganin method was used for phase retrieval, which suffices to suppress the streaks. In the dataset without motion artifacts, no streak artifacts are observed. Hence, it is reconstructed with the BAC algorithm, allowing for a higher resolution. Figure 3 shows an orthoslice of the large-FOV dataset (a) together with a 3D rendering of the thorax (b), consisting of an automatic segmentation of the bone (gray), the lung structure (pink) and a manually segmented region of the heart (red). The dashed rectangle indicates the region covered by the high-resolution scan in the zoom-move setting. The inset in (a) shows a magnification of the large-FOV dataset corresponding to the lung slice shown in Fig. 2(a), 2(b) . The same structures can be identified in both measurements. Based on visual inspection, the dataset with higher resolution was aligned within the coarser structure of the large-FOV dataset. Enabled by the phase retrieval, an automatic rendering of the zoomed dataset is presented in Fig. 3(c) , where the volume rendering is limited to a sub-volume, visualizing a cut through a larger bronchial tube, which branches into smaller bronchioles. The entire 3D structure of the two datasets can be best appreciated by a video, supplied as online material. In summary we have shown an application of propagation-based phase contrast, which is routinely used for small-animal imaging at synchrotron facilities, with a highly brilliant liquidmetal-jet laboratory source. The use of an optimized energetic spectrum has enabled measurements of whole mice lungs at a (half-period) resolution down to 5 µm, as validated by line scans and FSC calculations. Thus, the precise tracking of labeled cells is enabled, e.g. the location of barium-labeled alveolar macrophages in relation to anatomical structures, as recently demonstrated in synchrotron experiments. 27, 30 In contrast to synchrotron radiation, laboratory sources provide a high availability, so that biological studies that typically involve many different samples become possible with this novel technique. Besides trying to use alloys with higher In content to increase the high-energy part of the energetic spectrum, current source developments aim at increasing the x-ray power by another order of magnitude. 19, 28 This will allow faster acquisition rates so that the presented phase-contrast imaging approach might also be used for high-resolution imaging of living animals in future.
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